The thermophilic actinomycetes are the most common etiological agents causing hypersensitivity pneumonitis. Antigen preparations of these organisms contain proteolytic activity. Further investigation of the proteinases of the thermophilic actinomycetes was undertaken to determine whether this activity may contribute directly to the pathogenesis of hypersensitivity pneumonitis and pulmonary mycotoxicosis. The presence of proteolytic activity in aerosolized dust from moldy silage was demonstrated, and antibodies to two proteolytic enzymes from Thermoactinomyces candidus were found in the blood of farmer's lung patients who had been sensitized to this organism. These two enzymes were isolated from culture filtrate antigen preparations that had been partially characterized with respect to the proteolytic activities and their interaction with human serum proteinase inhibitors. Both proteinases belonged to the serine class of endopeptidases. Neither proteinase was inhibited by al-proteinase inhibitor or a1-antichymotrypsin. Both proteinases were inhibited by a2-macroglobulin. One of the proteinases had elastase activity. Inhalation of these proteinases apparently does occur, and they may induce an inflammatory response in the lungs since they are not inhibited by the main proteinase inhibitors protecting the lung.
The thermophilic actinomycetes are the most common etiological agents causing hypersensitivity pneumonitis. Antigen preparations of these organisms contain proteolytic activity. Further investigation of the proteinases of the thermophilic actinomycetes was undertaken to determine whether this activity may contribute directly to the pathogenesis of hypersensitivity pneumonitis and pulmonary mycotoxicosis. The presence of proteolytic activity in aerosolized dust from moldy silage was demonstrated, and antibodies to two proteolytic enzymes from Thermoactinomyces candidus were found in the blood of farmer's lung patients who had been sensitized to this organism. These two enzymes were isolated from culture filtrate antigen preparations that had been partially characterized with respect to the proteolytic activities and their interaction with human serum proteinase inhibitors. Both proteinases belonged to the serine class of endopeptidases. Neither proteinase was inhibited by al-proteinase inhibitor or a1-antichymotrypsin. Both proteinases were inhibited by a2-macroglobulin. One of the proteinases had elastase activity. Inhalation of these proteinases apparently does occur, and they may induce an inflammatory response in the lungs since they are not inhibited by the main proteinase inhibitors protecting the lung.
The thermophilic actinomycetes are the most common etiological agents of hypersensitivity pneumonitis. The frequent involvement of this group of microorganisms suggests that they may produce biologically active components which potentiate or augment the immune response to their antigenic components. Several candidates for such activity have been described for various thermophilic actinomycete antigen preparations. These include the ability to fix complement in the absence of antibodies (6, 17, 23) , adjuvant activity (3), mitogenicity (24) , esterase activity (19) , and proteinase activity (20) . To determine the actual contribution of such activities to the immunopathogenesis of hypersensitivity pneumonitis, environmental exposure to these components must be established and the components responsible for the activities isolated so that their activity in animal models can be studied. In this report, the proteolytic activities of Thermoactinomyces candidus are studied.
The thermophilic actinomycete isolated and named T. candidus by Kurup et al. (15) We have previously reported the presence of two proteolytic enzymes in soluble culture fluid antigen preparations of T. candidus (20) . Antigen preparations of the other thermophilic actinomycetes also were shown to contain proteinases (20 ). The medium was inoculated with 100 ml of starter culture. The fermentor was incubated for 6 to 8 days at 50°C. Starter cultures were made by inoculating a 500-ml flask containing 100 ml of the above medium with a suspension of growth from the surface of a 4-by 8.5-cm area of one-half strength nutrient agar (Oxoid Ltd., London, England). The starter culture was incubated at 50°C with shaking at 200 rpm and was used for inoculation when the growth medium became turbid. The culture fluid from the fermentor was centrifuged at 10,000 x g for 30 min, and the supernatant was filtered through Whatman no. 1 filter paper. The filtrate was concentrated 20-fold by ultrafiltration through a filter (PM-10; Amicon Corp., Lexington, Mass.).
Proteinase assays. (i) Radial diffusion in gelatinagarose gels. Column chromatography eluates were routinely monitored for proteolytic activity by assaying the ability of fractions to hydrolyze gelatin in gelatin-agarose plates as described by Santarius and Ryan (21) .
(ii) Azocasein assay. The proteinase activity of pooled fractions and the purified enzyme preparations was measured by the azocasein assay as described by Starkey (25) and reported as proteinase units as defined previously (25) . The definition of an azocaseinolytic unit is that activity which hydrolyzes 1 mg of azocasein per h under the given assay conditions.
(iii) Elastase activity. Elastase activity of the proteinases was detected by an adaptation of the zymogram technique (31) . Zones of elastase activity on polyacrylamide gel electrophoretograms or crossed immunoelectrophoresis electrophoretograms were detected by incubating the unfixed electrophoretogram in contact with a thin layer of elastin-orcein-agarose (32) . Gel electrophoresis techniques. (i) PAGE. The polyacrylamide gel electrophoresis (PAGE) system used to evaluate the purity of the samples was the discontinuous gradient gel system described previously (35) . Electrophoresis was carried out in a model 4100 Ortec electrophoresis system (EG & G Ortec, South Natrick, Mass.). Zones of proteolytic activity were detected by the caseinolytic zymogram imprint procedure (31) .
(ii) SDS-PAGE. The sodium dodecyl sulfate (SDS)-PAGE system was conducted on 0.175-mm-thick slab gels as described by Laemmli (16) with a 15% acrylamide resolving gel on a Bio-Rad model 220 cell (Bio-Rad Laboratories, Richmond, Calif.). The proteinases were incubated with a 1,000 M excess of phenylmethylsulfonyl fluoride (PMSF) (Sigma Chemical Co.) for 15 min at room temperature to inhibit their proteolytic activity and to prevent autolysis before reduction with an equal volume of Laemmli reducing buffer in a boiling water bath for 5 min.
(iii) Isoelectric focusing. Isoelectric focusing was carried out on 8-by 0.5-cm cylindrical gels containing 5% acrylamide, 0.125% bisacrylamide, 20%o glycerol, and 2% total ampholine (consisting of a mixture of 2 parts, pH 3.5 to 5; 2 parts, pH 5 to 7; and 1 part, pH 3.5 to 10, ampholines from LKB Produckter AB, Bromma, Sweden). The anode solution (bottom) was 0.01 M H3PO4, and the cathode (top) solution was 2% ethanolamine. The gels were focused for 1 h at 200 V and then for 5 h at 400 V. The gels were fixed, and the ampholines were removed by repeated changes of 20% isopropanol and 10%o acetic acid in water. They were then stained in 0.2% Coomassie blue R-250 (5) in 45% methanol and destained in the fixing solution.
The pH gradient was determined by measuring the pH of 1-ml degassed distilled water samples, in which 0.5-cm segments of control gels had been allowed to soak for 2 h, and was found to be linear from pH 3 to 7.
(iv) Rocket immunoelectrophoresis of silage dust. Rocket immunoelectrophoresis of moldy silage dust to detect the presence of proteinases was carried out as described by Weeke (30) . Dust samples, collected by vacuum cleaner suction of agitated moldy silage, as described below, were prepared by extracting suspensions at 20 mg/ml in Tris-EDTA-borate buffer (pH 9.2) for 4 h at 37°C. The Tris-EDTA-borate buffer was 0.09 M Tris (Sigma Chemical Co.), 0.0025 M disodium EDTA, and 0.009 M boric acid. The dust extracts were further concentrated 10 to 33 times by ultrafiltration to provide samples for the rocket immunoelectrophoresis. The antiserum was the rabbit anti-T. candidus antiserum prepared in rabbits as described previously (26) . The immunoglobulin fractions from the sera of four immunized rabbits were isolated by the method of Harboe and Ingild (10) and combined to form a pool of T. candidus antisera.
(v) Other techniques. The salt gradients on the eluates of the ion-exchange columns were determined by measuring conductivity on a conductivity bridge (model PM-70CB; Barnstead Division, Sybron Corp., Boston, Mass.).
Protein concentrations were determined by the Coomassie blue binding assay of Bradford (4) with human serum albumin as a standard.
Sources of proteinase inhibitors. The human plasma proteinase inhibitors, a1-proteinase inhibitor and alantichymotrypsin, were generously provided by J. Travis, University of Georgia, Athens, Ga. Human a2-macroglobulin was prepared in our laboratory (9 dry moldy silage were collected from the tops of upright silos on dairy farms in central Wisconsin. In some cases (13 of 22), the samples were from materials known to have caused an episode of pulmonary mycotoxicosis (7). The dry material was shaken in a plastic chamber (15 by 20 by 28 cm) with perforations in the base. The liberated dust was drawn through two layers of polyester screen (10 x x mesh; Sax Arts and Crafts, Milwaukee, Wis.) and into the paper collection bag of a portable high-velocity vacuum cleaner (Tornado; Breuer Electric Mfg. Corp., Chicago, Ill.). The dust was scraped from the inside of the bag and stored at 4°C.
Isolation procedures for TcPj and TcP2. The two proteinases are referred to as TcP1 and TcP2. Tc indicates the microorganism source, T. candidus; P indicates proteinase activity; and 1 and 2 indicate the relative positions on the alkaline PAGE electrophoretograms, numbering from the cathodic end to the anodic end. TcPj also has the higher isoelectric point.
All steps were conducted at 4°C unless otherwise indicated. A flow diagram summarizing the steps in the isolation of TcPO and TcP2 is presented ( Fig. 1 ). DEAE-celiulose chromatography. The freeze-dried antigen preparation (1.5-to 3.0 g) was mixed into 25 ml of DEAE-cellulose (DE-52; Whatman, Inc., Clifton, N.J.) slurry preequilibrated with 0.025 M NaH2PO4 (pH 6.0) and allowed to set for 10 to 20 min. The slurry was then layered onto approximately 50 ml of the same ion exchanger already packed in a 1.5-by 60-cm column. The column was then washed with the equilibrating buffer at a flow rate of 8.2 ml/h, and 4-ml fractions were collected. At fraction 65, a linear salt gradient with a reservoir of 500 ml of 0.25 M NaCl in 0.025 M NaH2PO4 (pH 6.0) mixing into 250 ml of 0.025 M NaH2PO4 was started. The fractions were monitored for proteolytic activity on the gelatin-agarose plates as described above. The first peak of activity (TcP1) was eluted by the equilibrating buffer. The second peak of activity (TcP2) was eluted during the salt gradient. Fractions containing the two activity peaks were pooled, dialyzed against distilled water, and freeze-dried. CM-Sephadex chromatography of TcP, fraction. The freeze-dried TcP1 fraction was dissolved in 2 to 3 ml of 0.01 M sodium citrate (pH 4.0) and applied to a 1-by 15-cm column of CM-Sephadex (Pharmacia Fine Chemicals, Inc., Piscataway, N.J.) equilibrated with the same buffer. The column was eluted with the equilibrating buffer at a flow rate of 5.8 ml/h until 43.5 ml was collected; then a linear salt gradient consisting of 200 ml of 0.5 M NaCl in the 0.01 M citrate buffer in the reservoir was run into 200 ml of the equilibrating buffer in the mixing chamber. Fractions (2.9 ml each) were assayed for proteolytic activity by the radial diffusion assay, and the active fractions were pooled, dialyzed, and freeze-dried.
Blo-Gel P-30 chromatography of TcPI fraction. Final purification of TcPj was achieved by gel filtration on a Bio-Gel P-30 (Bio-Rad Laboratories) column. The TcPj fraction from the CM-Sephadex column was dissolved in 1 to 2 ml of 0.01 M sodium citrate-0.1 M NaCl-0.04% NaN3 (pH 6.5) (citrate-NaCl-NaN3 column buffer) and applied to a 1.5-by 85-cm column of Bio-Gel P-30 equilibrated with the same buffer. The column was eluted at a flow rate of 6.4 ml/h, and 3.2-ml fractions were collected. Fractions containing TcPj were dialyzed against distilled water and freeze-dried.
Ultrogel 54 chromatography of TCP2. The TcP2 fraction from the DEAE-cellulose column was dissolved in 2 to 3 ml of the citrate-NaCl-NaN3 column buffer and applied to a 2.5-by 90-cm column of Ultrogel 54 (LKB Produckter AB). The flow rate was 8.4 ml/h, and 4.2-ml fractions were collected. The TcP2-containing fractions were dialyzed against water, freeze-dried, and redissolved in 2 ml of column buffer and rechromatographed under the same conditions. The TcP2 fractions again were dialyzed against water and freezedried for storage.
Detection of antibodies to TcPj and TcP2 by ELISA.
Antibodies to the purified proteinases in the sera of farmer's lung patients were detected by ELISA. The ELISA assay was a modification of the indirect method (29) . The proteinase preparations were treated with diisopropylfluorophosphate (DFP) (Aldrich Chemical Co., Milwaukee, Wis.) to block their proteolytic activity and then dialyzed against 0.05 M carbonate-bicarbonate buffer (pH 9.6). An example of a zymogram resulting from the addition of a1-proteinase inhibitor, a1-antichymotrypsin, a2-macroglobulin, PMSF, and DFP has previously been published (31) . Table 1 summarizes the results of these inhibitor studies. Both TcP1 and TcP2 are inhibited by DFP and PMSF, indicating that they are serine proteinases. The presence of EDTA, a metal ion chelator, does not inhibit enzymatic activity, indicating that these enzymes are not metalloproteinases. Of the three plasma proteinase inhibitors studied, only a2-macroglobulin inhibited TcP1 activity. Inhibition of TcP2 by a1-proteinase inhibitor was seen only when the concentration of inhibitor was 10 times the concentration of the total protein in the sample. a1-Antichymotrypsin did not inhibit either proteinase at any concentration tested. Likewise, the proteinases were not inhibited by aprotinin or soybean trypsin inhibitor.
Isolation of TcP1 and TcP2. TcP1 was separated from TcP2 by DEAE-cellulose chromatography of the crude culture filtrate. TcP1 was not retained on this column, whereas TcP2, along with a large proportion of the 280-nm absorbing material, was initially retained and then eluted with a salt gradient (Fig. 2) .
TcP1 was further purified with a CM-Sephadex column. Proteinase activity was retained on the column, whereas the majority of contaminating material was not (Fig. 3) . Proteinase activity and the remaining 280-nm absorbing material was eluted with a salt gradient. Final purification of TcP1 was accomplished by gel filtration on a granular polyacrylamide gel, Bio-Gel P-30 (Fig.  4) . This medium separated TcP1 from the remaining contaminants with reasonable recovery (Table 2 ). Repeated chromatography of TcP1 on the Bio-Gel column resulted in the reappearance of two protein peaks of lower molecular weight which sometimes contained weak proteinase activity, suggesting instability of the proteinase by autolysis.
Final purification of TcP2 was accomplished by two gel filtrations on Ultrogel 54. The elution profile of the first gel filtration step is shown in Fig. 5 . The second gel filtration step further removed a small amount of lower-molecularweight material (data not shown).
A summary of the recovery of TcP1 and TcP2 and the purification achieved is presented in Table 2 . The DEAE-cellulose column efficiently separated the two proteinases with a loss of 8.3% of the total proteolytic activity. The unadsorbed proteinase, TcP1, accounted for 39.8% of the recovered activity, and TcP2 accounted for 60.2%. There were major losses in specific activity for both of the proteinases during the final gel filtration steps, apparently due to autolysis. Loss of proteinase activity occurred rapidly at room temperature, with the appearance of lower-molecular-weight fragments observed on SDS-PAGE indicating that autolysis had occurred.
Evaluation of purity of electrophoresis and isoelectric focusing. The electrophoretic purity of the final preparations by PAGE, along with the corresponding zymogram imprints, is shown in Fig. 6 . The TcP2 preparation shows a strongly staining protein band with a faint shadow running just anodally to this band (channel a). This band on isoelectric focusing gels (Fig. 7) . The isoelectric points were 6.0 for TcP1 and 4.2 for TcP2.
Molecular weights by SDS-PAGE for TcPj and
TcP2. The molecular weights of PMSF-blocked and -reduced preparations of TcP1 and TcP2 were determined by electrophoresis on SDSpolyacrylamide slab gels. Both proteinases were found to give a single zone with identical relative molecular weights of 29,000 to 30,000 (data not shown). This result suggests that both proteinases are comprised of a single polypeptide chain. Attempts to determine whether the native molecular weights are higher by running nonreduced samples in the SDS system gave equivocal results. However, TcP2 had an apparent molecular weight of approximately 52,000, suggesting a dimeric form. TcP1 was poorly soluble in the nonreducing buffer and did not enter a 7.5% polyacrylamide gel.
Preliminary studies on the activity of TcPj and TcP2 on various substrates. A preliminary study of the activity of the proteinases toward elastin and several endopeptidase substrates was carried out.
By an elastolytic zymogram technique on both the crude antigen mixture and the purified enzymes, TcP1, but not TcP2, was found to have elastolytic activity.
Esterase activity toward N-acetyl-DL-phenylalanine naphthol ester was found for both proteinases when polyacrylamide electrophoretograms were stained by the technique of Uriel (28) .
No activity was found toward the common trypsin and chymotrypsin substrates, p-tosyl-Larginine methyl ester, N-o-benzoyl-DL-argininep-nitroanilide, and N-benzoyl-L-tyrosine ethyl ester. Demonstration of antibodies to T. candidus proteinases by ELISA. The presence of IgG antibodies to TcP1 and TcP2 in farmer's lung patients was demonstrated by ELISA. The proteolytic activity of the purified enzyme preparations was blocked with DFP to prevent proteolysis from occurring during ELISA. The results of the ELISA for the sera of 7 patients and 11 normal, presumably unexposed, control sera are presented in Table 3 . The sera of all seven patients, diluted 1:80, showed positive antibody activity as measured by ELISA, whereas the control sera showed zero or negligible antibody levels. The difference between the mean ELISA units for the two groups is significant (P < 0.0001) by Student's t test.
Demonstration of proteinases in moldy silage dust. Dust was collected from 22 samples of moldy silage obtained from the tops of silos. Suspensions of the dust were analyzed for proteinase activity, with azocasein as a substrate. All samples had measurable proteinase activity, ranging from 0.12 to 0.5 azocasein units/mg of dust. The mean activity was 0.31 U/mg with a standard deviation of 0.10 U/mg. Thus, the presence of proteinases in the organic dusts inhaled by farmers is common.
Concentrated extracts of 12 of the dust samples from which viable T. candidus had been isolated were examined by rocket immunoelectrophoresis. Of the 12 samples studied, 11 showed detectable precipitin arcs, indicating a Recovery from the DEAE-cellulose column was readjusted to 100%o so that the recoveries of each of the two proteinases could be followed in subsequent steps. The actual combined recovery of proteolytic activity after the DEAE-cellulose step was 91.7%. ere present. Two of proteolytic activity by the azocaseinolytic asprecipitin arc lytic say. Estimates of the amount of proteolytic mogram imprints. In activity which may be inhaled in a dusty farm J toward the anode, situation can be made from the dust-level data esent.
we collected. Respirable dust levels were measured with an Anderson sampler in eight situations in upright silos while farmers were removfrom moldy silage ing the top moldy layer of silage or hay. The possess low levels of mean concentration of dust 5.5 ,um The demonstration that farmer's lung patients have antibodies to the T. candidus proteinases is evidence that they have come in contact with these antigens in their environment. Another possible explanation is that T. candidus actually grew in the lung, releasing proteinases in situ, leading to the sensitization. However, there is at present no definitive evidence that growth of any of the thermophilic actinomycetes occurs in the human lung.
The requirement for additional lung inflammation for the production of an animal model of hypersensitivity pneumonitis due to pigeon dropping extracts was pointed out by Moore et al. (18) . Systemic immunization is enhanced if antigens are introduced into the inflamed lung as compared with normal lungs (34) . However, Harris et al. (11) have been able to produce an animal model of hypersensitivity pneumonitis with homogenized Micropolyspora faeni antigens without the need for additional lung inflammatory agents. Proteolytic activity has also been found in M. faeni antigen preparations (19) . These experiments suggest that the thermophilic actinomycete antigens contain all the components necessary for the induction of disease, including inflammatory agents. Complement-activating activity has been found for both dusts from moldy hay (5, 16) and thermophilic actinomycete antigen preparations. Such activity could also cause inflammation. The presence of proteinases of the proper specificities in inhaled dust may also cause inflammation by the release of inflammatory mediators either from the complement components, C3 or C5, or through interaction with other substrates present in the distal parts of the lung.
Further studies on the specific action of these proteinases on rabbit lungs are under way, as is in vitro evaluation of their ability to release inflammatory mediators arising from complement components or interaction with structural lung components. The fact that TcP1 has elastase activity is particularly interesting, since a variety of elastases are known to cause emphysematous changes in lungs (13, 14) and possibly release inflammatory mediators by digesting lung elastin (12, 22 
